A common variant on chromosomal region 15q24-25.1, marked by rs1051730, was found to be associated with lung cancer risk. Here, we attempted to confirm the second variant on 15q24-25.1 in several large sporadic lung cancer populations and determined what percentage of additional risk for lung cancer is due to the genetic effect of the second variant. SNPs rs1051730 and rs481134 were genotyped in 2,818 lung cancer cases and 2,766 controls from four populations. Joint analysis of these two variants (rs1051730 and rs481134) on 15q24-25.1 identified three major haplotypes (G_T, A_C, and G_C) and provided stronger evidence for association of 15q24-25.1 with lung cancer (P = 9.72 × 10 −9 ). These two variants represent three levels of risk associated with lung cancer. The most common haplotype G_T is neutral; the haplotype A_C is associated with increased risk for lung cancer with 5.0% higher frequency in cases than in controls [P = 1.68 × 10 −7 ; odds ratio (OR), 1.24; 95% confidence interval (95% CI), 1.14-1.35]; whereas the haplotype G_C is associated with reduced risk for lung cancer with 4.4% lower frequency in cases than in controls (P = 7.39 × 10 −7 ; OR, 0.80; 95% CI, 0.73-0.87). We further showed that these two genetic variants on 15q24-25.1 independently influence lung cancer risk (rs1051730: P = 4.42 × 10 −11 ; OR, 1.60; 95% CI, 1.46-1.74; rs481134: P = 7.01 × 10 −4 ; OR, 0.81; 95% CI, 0.72-0.92). The second variant on 15q24-25.1, marked by rs481134, explains an additional 13.2% of population attributable risk for lung cancer.
are expected to survive for more than 5 years (1). Genetic factors play important roles in lung cancer susceptibility (2) . Recent genome-wide association studies have identified an association of a common variant on chromosomal region 15q24-25.1 with lung cancer susceptibility (3) (4) (5) (6) (7) . This locus spans ~200 kb with high linkage disequilibrium (LD) and contains IREB2, LOC123688, PSMA4, and the neuronal nicotinic acetylcholine receptor (nAChR) genes CHRNA5, CHRNA3, and CHRNB4. Two SNPs, rs1051730 and rs8034191, on the 15q24-25.1 locus were reported to be associated with both familial and sporadic lung cancer (5) . These two SNPs are in high LD (r 2 = 0.89), thereby representing the same association signal on the 15q24-25.1 locus. In addition to this association signal, a second variant (rs588765) on the 15q24-25.1 locus was recently implicated in familial lung cancer (8) . A haplotype that contains the major allele of rs588765 was identified to be associated with reduced risk of lung cancer in the analysis of 194 familial lung cancer patients and 217 disease-free controls collected by the Genetic Epidemiology of Lung Cancer Consortium (GELCC; ref. 8 ).
Here, we validated the second variant in 2,818 lung cancer cases and 2,766 controls. These cases were composed of three groups: cases with family history of lung cancer in Caucasians and sporadic lung cancer in Caucasians and African Americans. These two genetic variants on the 15q24-25.1 locus have independent genetic effects on lung cancer risk.
Materials and Methods

Study samples
Four study populations were used in this study. Detailed information on these study subjects is presented in Supplementary Table S1. All the case patients in this study are histologically confirmed non-small cell lung cancer. Briefly, 194 familial lung cancer cases and 217 disease-free controls were recruited from the GELCC. Each case patient with familial lung cancer was chosen from one high-risk lung cancer family with three or more members with lung cancer (5) . All the subjects from the GELCC are Caucasians. Eight hundred ninety sporadic lung cancer cases and 865 controls were from the Mayo Clinic (Rochester, MN). These samples are part of the Mayo Clinic Lung Cancer Cohort collected from an ongoing case-control study (9) . All the samples from the Mayo Clinic are Caucasians (MCC). The Texas cohorts include 1,466 sporadic cases and 1,389 controls in Caucasians (TXC) and 286 sporadic cases and 293 controls in African Americans (TXA). These samples are part of an ongoing case-control study at the University of Texas M.D. Anderson Cancer Center since 1991 (Houston, TX; ref. 3). Informed consent was obtained from all participants in the studies. SNPs rs481134 and rs588765 are in high LD (r 2 = 0.98), and thus we chose rs481134 representing the second variants in our study. SNPs rs1051730 and rs481134 were genotyped in the four populations. Detailed methods for SNP genotyping were described previously (3, 8) .
Statistical analyses
To rule out confounding effects on lung cancer risk, the association analysis was adjusted by sex, age, and smoking status with the use of logistic regression analysis. If P is the probability of being a case, then our linear logistic model has the following form:
where α is the intercept, g represents SNP genotype and is coded as the number of copies of the disease allele, and β 0 is additive genetic effects at that SNP, x i is covariate (such as sex, age, and smoking), and β i is the coefficient associated with x i . Allelic odds ratio (OR) associated with each SNP and 95% confidence intervals (95% CI) were estimated. In the combined association analysis, the association was further adjusted for race and study sites. Population stratification was not detected in our previous studies (3, 5) . To confirm the results from our logistic models, multiple case-control groups were combined using a Mantel-Hazenszel model in which the groups were allowed to have different population frequencies for alleles and genotypes but were assumed to have common relative risks (10) . Because SNPs rs1051730 and rs481134 are in moderate LD, we also performed subgroup association analysis to eliminate confounding effects due to their LD. In the subgroup analysis, marginal ORs and their 95% CIs were estimated with adjustment for the same covariates.
Both omnibus/global association statistic and haplotype-specific statistic were computed. The haplotype-specific analysis tests each haplotype at one time (each versus all others) using χ 2 tests with 1 degree of freedom (df). Totally, H-1 haplotype-specific tests were done at each location where H is the number of haplotypes at that location. The omnibus association analysis jointly estimates all haplotype effects at a location with a single χ 2 with H-1 df. Similarly, the association was adjusted by the same covariates as the single-marker analysis in the logistic regression model. Haplotype-specific ORs and their 95% CIs were estimated. In addition to the haplotype analysis, we performed a logistic regression analysis modeling both main effects and their interaction of the two SNPs, rs1051730 and rs481134. The goodness-of-fit of logistic model was evaluated based on Akaike information criterion and χ 2 test.
The population genetic attributable risk percent (PAR) was estimated for each variant, which defines what percentage of the total risk for lung cancer is due to genetic effect of that variant:
where p i is the prevalence of that i-th genotype associated with lung cancer among control subjects and OR i is OR associated with that genotype (11, 12) . We used the lowest-risk genotype as the reference to estimate ORs in the above logistic regression model with adjustment of covariates. Similarly, we also jointly estimated PAR for the two loci (rs1051730 and rs481134) using haplotype-specific ORs.
Possible haplotype phases for a given genotype were inferred using the ExpectationMaximization algorithm (13) . The LD statistic (r 2 ) was calculated based on haplotype frequencies estimated via the Expectation-Maximization algorithm. Hardy-Weinberg equilibrium for each SNP was examined among control subjects with the use of Fisher exact test. SNPs rs1051730 and rs481134 genotyped in the four populations were in HardyWeinberg equilibrium. All statistical analyses were implemented in PLINK software (http://pngu.mgh.harvard.edu/~purcell/plink/;ref. 13) .
Results
Associations between rs481134 and rs1051730 and lung cancer
The SNP rs481134 is in high LD with rs588765 (r 2 = 0.98). The SNPs rs1051730 and rs481134 were genotyped in four populations: GELCC, MCC, TXC, and TXA (Supplementary Table S1 ). In single-marker association analysis, rs1051730 is consistently and strongly associated with lung cancer among the four study populations (P = 1.56 × 10 −7 ;OR, 1.24; 95% CI, 1.15-1.35, from the combined analysis), whereas rs481134 shows no association (P = 0.514). The minor allele of rs105730 A is associated with increased risk of lung cancer and is, on average, 5% more frequent in cases than in controls (Table 1) . To confirm the results from our logistic regression model where study site was incorporated as a covariate, the combined association was further examined by Mantel Interestingly, haplotype analysis of SNPs rs1051730 and rs481134 identified three major haplotypes (G_T, A_C, and G_C) and provided stronger evidence for association with lung cancer by a global P value of 9.72 × 10 −9 . Individual haplotype tests by examining the distribution differences for each haplotype showed that distinct haplotypes differ significantly between lung cancer cases and controls. These observations result from different distributions of the haplotypes A_C and G_C. The haplotype A_C is associated with increased risk for lung cancer with 5.0% higher frequency in cases than in disease-free controls (P = 1.68 × 10 −7 ; haplo-type-specific OR, 1.24; 95% CI, 1.14-1.35). This haplotype contains the risk allele of rs1051730 A (Tables 1 and 2 ). The haplotype G_C is associated with reduced risk for lung cancer with 4.4% lower frequency in cases than in controls (P = 7.39 × 10 −7 ; OR, 0.80; 95% CI, 0.73-0.87; Table 2 ). As compared with the most common haplotype G_T, the protective haplotype G_C contains the allele of rs481134 C that associated with reduced risk of lung cancer. As a whole, these haplotypes containing SNPs rs481134 and rs1051730 account for a total of 31.6% of population attributable risk for lung cancer (Supplementary Table S3 ).
Both genetic variants have independent effects on lung cancer risk
SNP rs1051730 shows moderate LD with rs481134 (r 2 = 0.30), which may mask or change genetic effects on those loci in the association analysis. To rule out the confounding effect of rs1051730 on the association of rs481134, we performed the association analysis of rs481134 with lung cancer in subjects with genotype GG at rs1051730 (Table 3 ). This subgroup analysis eliminated the effect masked by rs1051730 due to its LD with rs481134 because all the subjects in the analysis carry the wild-type G alleles at rs1051730. This subgroup analysis essentially analyzed subjects with haplotypes G_T and/or G_C and allowed direct test on the allelic effects at rs481134. As a result, the analysis gave a significant association of rs481134 with lung cancer (P = 7.01 × 10 −4 from the combined analysis). As expected in the haplotype analysis, the allele C of rs481134 is associated with reduced risk of lung cancer (marginal OR, 0.81; 95% CI, 0.72-0.92). In the TXC population, the second variant on 15q24-25.1, marked by rs481134, accounts for 13.2% of population attributable risk for lung cancer (Supplementary Table S3 ).
Similarly, SNP rs481134 could affect the association of rs1051730 with lung cancer. In the subgroup analysis of subjects with genotype CC at rs481134, a consistent, stronger association of rs1057130 with lung cancer was observed in an even smaller sample size (P =4. 42× 10 −11 ). This subgroup analysis essentially analyzed subjects with haplotypes A_C and/or G_C and allowed direct test on the allelic effects at rs1051730. Interestingly, the allelic OR associated with the risk allele of rs1051730 A is increased to 1.60 (95% CI, 1.46-1.74) as compared with 1.24 (95% CI, 1.14-1.35) in the previous single-marker analysis (Tables 1 and 3) . These results are consistent with those from the Mantel-Hazenszel tests (Supplementary Table S2 ). Based on the marginal OR estimate and genotype frequencies estimated from the TXC populations, the first variant on 15q24-25.1, marked by rs1051730, accounts for 25.8% of population attributable risk for lung cancer (Supplementary Table  S3 ). These analyses showed that both variants independently influence risk for lung cancer.
We also performed a logistic regression analysis modeling the SNPs rs1051730 and rs481134 simultaneously (Supplementary Table S4 ). Generally, this logistic regression analysis yielded consistent results with the haplotype analysis ( Table 2 ) and subgroup association analysis (Table 3) . In addition to their effects independently influencing risk of lung cancer, the two variants may exert a synergistic effect (interaction) to modify the risk of lung cancer. SNP rs1051730 is a synonymous SNP at codon 215 of CHRNA3, and rs481134 is located within the second intron of CHRNA5. Analysis of LD among the 15q24-25.1 locus revealed two independent sets of SNPs that are in high LD with these two variants (r 2 > 0.7; Fig. 1 ). These two independent sets of SNP span across the chromosomal region 15q24-25.1 and illustrate the complexity of the 15q24-25.1 locus underlying lung cancer susceptibility.
Association and OR of different haplotype configurations with lung cancer
Only three haplotypes (rs1051730-rs481134), G_T, A_C, and G_C, were observed in general populations ( Table 2) . As a result, six genotypes account for more than 99% subjects in the samples (Table 4) . Using the genotype G_T/G_T as reference, we estimated the association and OR of different haplotype configurations with lung cancer. In general, subjects carrying two copies of either risk or protective haplotypes show significant association with lung cancer. For instance, subjects with genotypes A_C/A_C in TXC had a significantly higher risk (P = 2.71 × 10 −3 ; OR, 1.24; 95% CI, 1.08-1.42) for developing lung cancer than subjects with genotypes G_T/G_T, whereas carriers of G_C/G_C had a reduced lung cancer risk by 18% (P = 0.049; OR, 0.82; 95% CI, 0.67-0.99).
Discussion
After the recent discovery that common genetic variation in 15q24-25.1 influences inherited risk of lung cancer (3-7), we identified a second sequence variant at 15q24-25.1 associated with familial lung cancer (8) and further validated this new association in large sporadic lung cancer populations. We showed that these two genetic variants on 15q24-25.1 have independent genetic effects on lung cancer risk. The second variant on 15q24-25.1, marked by rs481134, explains an additional 13.2% of the population attributable risk for lung cancer. These results further confirm the complexity of the chromosomal region 15q24-25.1 underlying lung cancer susceptibility.
Interestingly, the second variant did not show association with lung cancer in single-marker analysis. However, haplo-type analysis of SNPs rs1051730 and rs481134 provided stronger evidence for association with lung cancer. SNPs rs1051730 and rs481134 are in moderate LD (r 2 = 0.30), which can mask or change the genetic effects of those loci in the association analysis. This may explain why the association of rs481134 with lung cancer was not detected in the single-marker analysis. The neutral haplotype G_T contains a wild-type allele at each variant, the protective haplotype G_C contains a wild-type allele at rs1051730 and a protective allele C at rs481134, whereas the haplotype A_C contains both a protective allele C at SNP rs481134 and a risk allele A at rs1051730. This suggests that the rs1051730 risk allele outweighs the rs481134 protective allele, and the overall effect of this haplotype increases risk of lung cancer. As a result, the protective effect of SNP rs481134 at haplotype A_C was masked by rs1051730, and thus its association with lung cancer was not detected in the single-marker analysis. Comparison of haplotypes G_T (neutral) and G_C (protective), which have the same allele G at rs1051730 but have different alleles (C/T) at rs481134, clearly showed that the allele C of rs481134 is associated with reduced risk of lung cancer. Similarly, comparison of haplotypes A_C (risk) with G_C (protective), which have the same allele C at rs481134 but have different alleles at rs1051730, showed that the allele A of rs1051730 is associated with increased risk of lung cancer. Actually, these comparisons are the rationale behind subsequent subgroup analyses for estimating marginal OR associated with each of these two variants.
To eliminate the effect masked by rs1051730, we performed an association analysis in a subgroup of subjects with genotype GG at rs1051730 and identified a significant association of rs481134 with lung cancer. The allele C of rs481134 is associated with reduced risk of lung cancer (Table 3) , which is consistent with the haplotype analysis. These results showed that the two variants independently influence risk for lung cancer. Interestingly, the allelic OR associated with the risk allele of rs1051730 A is much larger from subgroup analysis of subjects with genotype CC at rs481134 than that estimated from the whole samples (OR, 1.60 versus 1.24; Tables 1 and 3 ). This is because SNPs rs1051730 and rs481134 are in LD and they have opposite genetic effects on lung cancer risk. The effect of rs1051730 was offset by the effect of rs481134, and thus the effect size associated with rs1051730 was underestimated in previous studies (3-7) . Therefore, the marginal ORs associated with these two variants were used in the calculation of PAR for lung cancer. However, it should be noted that the estimated PAR for individual SNPs may not represent PAR in the general population because the marginal OR was used. The effect size associated with rs481134 is generally less significant than that of rs1051730 and may need to be further validated in future studies. In addition to their effects independently influencing risk of lung cancer, the two variants may exert a synergistic effect to modify the risk of lung cancer (Supplementary  Table S4 ). Our data emphasize the importance of the use of multilocus association models in association analyses.
Only three major haplotypes, G_T, A_C, and G_C, were observed at variants rs1051730 and rs481134 in all of the four populations. These three haplotypes accounted for more than 99% subjects in the samples. A very small number of individuals carry haplotype A_T. The risk for developing lung cancer is expected to be further increased among these individuals, although the number of individuals with this haplo-type was too small to formally estimate its effect size. In the subgroup analysis of subjects with genotype CC at rs481134, the allelic OR associated with the risk allele of rs1051730 A was estimated to be 1.60 (95% CI, 1.46-1.74). This allelic OR can be viewed as an indirect estimator of effect size of the haplotype A_T. Therefore, two risk haplotypes exist at 15q24-25.1: the common haplotype A_C confers moderate risk for increasing lung cancer and the rare haplotype A_T confers excessive risk for increasing lung cancer.
The 15q25.1 lung cancer susceptibility locus contains IREB2, LOC123688, PSMA4, CHRNA5, CHRNA3, and CHRNB4 (Fig. 1A) . The nAChR genes encode for subunits of the nicotinic acetylcholine receptors, seem biologically relevant, and are attractive candidates. Recent candidate-gene studies of nicotine dependence also identified several variants in the CHRNA5-CHRNA3-CHRNB4 gene cluster on 15q24-25.1 that alter risk for nicotine dependence, including a missense SNP, rs16969968 (a change from aspartic acid to asparagine at codon 398 in CHRNA5; refs. 14,15). SNP rs16969968 shows high LD with rs1051730 (r 2 = 0.99) from the lung cancer association analyses. Nicotinic receptors containing the missense variant α4β2α5N398 of CHRNA5 exhibit reduced response to the nicotinic agonist epibatidine compared with receptors containing the more common variant α4β2α5D398 (16). Interestingly, SNP rs588765, in high LD with rs481134 (r 2 = 0.98), was initially identified to be associated with mRNA levels of CHRNA5 in brain. The major allele of rs588765 is associated with higher expression of CHRNA5, conferring reduced risk of nicotine dependence (8) . The same two genetic variants are also associated with lung cancer risk. These data point to the candidacy of CHRNA5 for the 15q24-25.1 locus underlying lung cancer susceptibility, although the other five candidate genes in this high LD region cannot be completely excluded (Fig. 1B) .
Genetic variation in CHRNA5 can affect its functionality in two ways: (a) rendering the receptors differentially responsive to their ligands and thus affecting their downstream signal transduction (17) , and (b) modifying expression and thus affecting the composition of nAChR subunits that govern the acute response to agonists, such as endogenous acetylcholine and exogenous nicotine (18) . The mechanisms of regulation of CHRNA5 function or amount may underlie the genesis of lung cancer in smokers in two ways ( Supplementary Fig. S1 ). First, polymorphisms in CHRNA5 may affect nicotine dependence and propensity to smoke and to develop lung cancer. Smokers who are addicted to nicotine usually use more tobacco than those who are not, and thus they have a higher likelihood of developing lung cancer resulting from increased exposure to carcinogens found in tobacco smoke. This mechanism suggests a possible indirect genetic factor (e.g., through smoking behavior) contributing to lung cancer. Second, nAChRs that are functionally present in human lung airway epithelial cells and in lung carcinomas may play a direct, functional role in lung carcinogenesis (19) . In addition to nicotine, nitrosamines 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and N-nitrosonornicotine (NNN) are two major carcinogens found in tobacco smoke. NNK and NNN are agonists for α-bungarotoxin α7 nAChR and the heteromeric, epibatidine-sensitive α-β nAChRs, respectively (20) . The affinity of NNK for the α7 nAChR was found to be 1,300 times higher than that of nicotine, whereas the affinity of NNN for heteromeric α-β nAChRs was 5,000 times higher than that of nicotine (20, 21) . Recent studies have shown that all these individual constituents of tobacco smoke can stimulate nAChR signaling in nonneuronal cells, including regulation of cell proliferation, angiogenesis, migration, invasion, and secretion (19, 22, 23) . This mechanism suggests a possible direct gene-environment interaction factor (e.g., cell proliferation and apoptosis) contributing to lung cancer. That is, given the same amount of tobacco exposure, tobacco-induced nonneuronal nAChR signaling responds differentially in smokers with different variants in CHRNA5. This may account for individual differences in lung cancer susceptibility to the same environmental risk factors such as tobacco smoking. It is also possible that both of these two mechanisms exist during lung carcinogenesis. Defining the contribution of both mechanisms warrants further studies.
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